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Abstract 
Aqueous solutions of p-Nitrophenol (PNP) were oxidized by Fenton’s reagent assisted by ultrasound (US) irradiation. 
The effects of operating parameters such as initial medium pH, initial concentration of PNP, the molar ratio of 
Fe2+/H2O2, the temperature and the type of saturating gas on the degradation rates of PNP were investigated. The 
results showed that both pH value and PNP concentration altered noticeably the reaction rates, with preferred 
operation conditions at low pH, and low PNP concentration. Among the four different saturating gases (namely Ar, 
O2, air and N2), PNP degradation in an oxygen-saturated solution was the fastest. The addition of Fenton’s reagent 
could increase the PNP removal rate. PNP degradation followed apparent pseudo-first-order kinetics under US 
irradiation, Fenton’s reagent oxidation and the combined US/Fenton’s reagent oxidation process. The overall reaction 
rates were significantly enhanced in the US/Fenton’s reagent oxidation system, most likely because ultrasound could 
accelerate Fenton’s reagent to generate hydroxyl radical (.OH) and other reactive oxygen intermediates. There was an 
obvious synergetic effect in the combined US-Fenton’s reagent process. The observed synergetic effects of the 
US/Fenton’s reagent system resulted in an increase in the net PNP degradation rate by a factor of 2.06. 
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1. Introduction 
p-Nitrophenol (PNP) is of considerable industrial importance as it is one of the main raw materials in 
the manufacture of dyes, pharmaceuticals, pesticides, and explosives[1]. Because of their harmful effects, 
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wastewaters containing phenolic compounds must be treated before being discharged into receiving water 
bodies [2,3]. Various advanced oxidation processes (AOPs) have been applied to remove phenolic 
compounds from wastewaters. AOPs such as Fenton’s reagent [2,4], ultrasound (US)/Fenton’s reagent [5], 
ultraviolet(UV)/Fenton’s reagent [6], electro-Fentonoxidation[7], US/ozone [8], ultraviolet/ultrasound [9], 
ultrasound/ozone [10] and ultrasound/microwave [11], can accelerate the non-selective oxidation by the 
in situ generation of hydroxyl radical(.OH) and other reactive oxygen intermediates. It is shown that 
phenolic derivatives can effectively be removed by Fenton’s reagent, US, UV, and their combinations.  
Fenton’s reagent is a very powerful oxidizing agent and has been shown previously to be effective for 
the removal of phenolic and nitrophenolic compounds from wastewater [2,4,12]. There are, however, 
species that show resistance to oxidation by Fenton reaction [13]. Such species include small chlorinated 
alkanes (e.g., tetrachloroethane, trichloroethane), n-paraffins and short-chain carboxylic acids (e.g., 
maleic, oxalic, acetic, malonic). These latter compounds are indeed a very interesting kind because they 
are typical oxidation products of larger molecules after fragmentation [14]. To eliminate the disadvantage, 
the combination of Fenton’s reagent and other method was worth investigating. The coupling of Fenton’s 
reagent with ultrasound radiation is a novel treatment option. Previous studies have shown that ultrasound 
irradiation could enhance the performance of Fenton’s reagent oxidation [5] and other conventional AOPs 
[8-11]. We have also investigated the optimization of operating parameters during ultrasound-enhanced 
Fenton’s reagent oxidation [15]. However, to the best of our knowledge, no systematic research has been 
done with respect to the phenol degradation mechanism and kinetics, especially specific kinetic analysis 
and kinetic dependence on a variety of operating parameters such as [PNP]i, initial pH, the molar ratio of 
H2O2 and Fe2+, medium temperature and saturating gas type. Given the increased interest in the practical 
applications of US-assisted Fenton oxidation [5] and other relevant research [15,16] we have investigated 
the kinetics and mechanism of the oxidation of p-nitrophenol by Fenton’s reagent in the presence of US 
irradiation, and the synergetic effects of hybrid US/Fenton’s reagent process as well. 
2. Experimental  Section 
2.1. Materials 
p-nitrophenol (AR, 99%) was obtained from EMD Chemicals Inc. HPLC grade acetonitrile and 6 N 
H3PO4 were purchased from Merck Chemicals. All solutions were prepared using ultra-pure water with a 
resistivity of 18.2 MΩ·cm-1. 
2.2. Experimental Method 
Sono-assisted Fenton’s reagent oxidation of PNP was performed in a 250 ml jacketed glass reactor at a 
frequency of 22 kHz using a CSF-16 system ultrasonic apparatus (provided by Chinese Academy of 
Sciences, Beijing) and the ultrasonic transducer tip was dipped 2-3 cm below the liquid surface. The 
solution was constantly mixed by a magnetic stirrer at the bottom of the reactor. The applied power 
density was 100 W·L-1 with an average energy transfer efficiency of 20 % as measured by calorimetry. 
The solutions were maintained at 293 K by water cooling and sparged with saturating gas for 30 min prior 
to and during the course of the reaction. First ferrous sulfate and then hydrogen peroxide were added to 
the reactor immediately before exposure to ultrasound irradiation. Aliquot from the samples were 
collected at pre-determined intervals in order to monitor the PNP concentration changes with time. 
Immediately after collection, two drops of a stabilizing reagent consisting of equimolar solutions of 
Na3PO4 (1.0 mol·L-1), Na2SO3 (1.0 mol·L-1), and KI (1.0 mol·L-1) were added to each aliquot in order to 
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quench the reaction and to eliminate any excess H2O2 [15,16]. The samples were subsequently filtered 
through 0.22 μm pore membrane filters to remove any solid residues.  
2.3. Analysis 
Analyses of PNP and its oxidation products were carried out on a high-performance liquid 
chromatograph (Gilson, France). Aliquots of 25 μL were injected into the HPLC, running with mobile 
phase of acetonitrile/water (v/v) at a 58/42 ratio, and an addition of 2 ml of concentrated H3PO4 per liter 
of solution. The separation was performed using an ODS-18 reversed phase column (Alltech, USA) at the 
flow rate of 1.5 ml·min-1 with a column temperature of 25 ℃. A UV detector was used with the excitation 
wavelength set at 328 nm. Nitrate and organic acids produced by the oxidation were determined by ion 
chromatography (Techcomp IC1000, Shanghai) with a DS-plusTM auto-suppressor (Alltech, USA). 
3. Results and discussion 
3.1. PNP oxidation process 
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Figure 1 Oxidation effect on PNP degradation with                              Figure 2 ln([PNP]t/[PNP]i) vs. time in minutes during 
ultrasound-Fenton’s reagent oxidation                                    US-Fenton’s reagent oxidation system at initial PNP concentration 
In this study, the better experimental conditions for PNP degradation by Fenton’s reagent were found 
to be pH 3 and molar ratio of H2O2 and Fe2+ 5:1. The other operating conditions: [Fe2+]i= 8.8×10-4 mol·L-1, 
22 KHz ultrasound, temperature 20 ℃, argon-saturated solution and pH 3. Figure 1 illustrates the 
oxidation effect on PNP degradation with ultrasound assisted Fenton’s reagent oxidation technology. As 
shown in Fig. 1, PNP and benezoquinone vanished almost simultaneously in 2 h. The concentration of 
organic acids in the first 50 min increased gradually and then started to decrease steadily after 1 h of 
operation. Hydroquinone, catechol, o-benzoquinone, p-benzoquinone, phenol, fumaric acid, maleic acid, 
formic acid, oxalic acid, and inorganic ions, such as NO2- and NO3-, were detected during the degradation 
of PNP. So, we could deduce the cleavage of C-NO2 occurred within ~45 min and the NO2- was oxidized 
into NO3- promptly. Hydroquinone was the first product of PNP oxidation. Subsequently, the oxidation of 
benoquinone led to the formation of aliphatic carboxylic acids such as fumaric acid, maleic acid, formic 
acid and oxalic acid. The final products of the oxidation were carbon dioxide, NO3- and water.   
During the PNP removal by US-Fenton’s reagent technology, the resulting H2O2 and ·OH were strong 
oxidants. Through cleavage of the C-NO2 and C-C bond during sonolysis, PNP was further degraded 
and/or mineralized. There has been a necessity to come up with a model for the degradation of PNP in 
order to evaluate the influence of affective factors. Some assumptions should be applied to simplify the 
model: (a) reactions take place on the surface of the cavitation bubbles and the degradation of PNP should 
be mainly attributed to the hydroxyl radical produced during sonolysis. The overall steps for PNP 
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degradation would principally involve such stages: mass transport of organic compounds from the bulk of 
the solution toward the surface of the cavitation bubbles. Organic compounds with a high vapor pressure 
could enter the bubble where they undergo thermolytic reactions. In addition, hydrophilic compounds 
tend to be less volatile and undergo preferential hydroxylation reactions out of the bubble either in the 
limit layer or in the bulk solution. Adsorption of low concentration of organic compounds onto the 
bubbles would also be rather fast. Therefore, the overall stage should be a reaction-controlled process. (b) 
The liquid is assumed to be incompressible and the iterations are stopped at the point where the bubble 
wall velocity exceeds the velocity of sound in water. (c) There is no interference from dissolved gases. 
The effects of collective oscillations of the bubble are neglected. (d) Due to the strong oxidation ability of 
the hydroxyl radical, there would be no hydroxyl radical accumulation in the solution. Consequently, all 
reactions could be simplified into first-order kinetics. 
Taking into account all the assumptions, the following set of differential equations could be obtained  
-PNPd[PNP] d = - [PNP]t K          (1) 
( ) -PNPln [PNP] [PNP]t i K t= −                           (2) 
To explore the feasibility of the model, the experimental results are shown in Fig. 2 for the degradation 
of PNP at different initial concentrations. The phenol degradation followed pseudo first-order kinetics 
with rate constants at different initial PNP concentration being 0.084 min-1, 0.071 min-1, 0.065 min-1, 
0.045 min-1, 0.037 min-1,028 min-1, 0.015 min-1. This suggests that initial PNP concentration affected the 
PNP removal rate significantly. By using the proposed model, we could better understand the ultrasonic 
degradation of PNP in solution and obtain optimal operating conditions to accelerate degradation process. 
To ensure and optimize PNP degradation, important operating parameters including initial pH, reaction 
temperature, saturating gas type, and the molar ratio of H2O2/Fe2+ (Fe2+ concentration kept constant) had 
been further examined. 
3.2. Effects of initial pH 
The experimental results of how initial pH affected the PNP degradation are shown in Fig. 3. The PNP 
degradation followed pseudo first-order kinetics with rate constants at different initial pH being 0.075 
min-1,.055 min-1,0.037 min-1, 0.031 min-1, 0.013 min-1 and 0.008 min-1.The pseudo first-order kinetics at 
pH 3 was 7 times as that at pH 11. The phenomena indicate that PNP was easy to diffuse from solvent 
into the gas-fluid interface of cavitation and was oxidized by ·OH radical in acidic medium. The pKa was 
7.15 (25 °C). Most of 4-CP formed neutral molecules as pH≤7.15 and most of 4-CP became ionized as 
pH≥7.15. In addition, the amount of ·OH produced during the oxidation had much to do with pH values 
of the solution, and acidic medium enhanced the PNP removal rate [15,16]. As a result, we selected 
pH<7.0 as one of the operating conditions for subsequent studies. 
3.3. Effects of saturating gas type on cavitation chemistry 
The types of saturating gas had a great influence on the removal rate of PNP. During the course of 
these experiments, we made use of oxygen, N2, air and/or Ar as the saturating gas. Figure 4 shows 
influences of different saturating gas type on the cavitation chemistry, which follows the order of 
O2≥Ar>Air>N2. Pseudo first-order kinetics with rate constants at different sorts of saturating gas are 0.044 
min-1(O2), 0.041 min-1(Ar),0.037 min-1(Air), and 0.010 min-1(N2). 
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Figure 3 ln([PNP]t/[PNP]i) vs. time in minutes during US-Fenton’s           Figure 4 ln([PNP]t/[PNP]i) vs. time in minutes during 
reagent oxidation system at different initial pH values         US-Fenton reagent’s oxidation system using different                             
saturating gas types 
When O2 and Ar were used as the saturating gas in solution, O2 and Ar transferred their energy to H2O 
molecule to form radicals, ·OH and H·. H· reacts dissolved oxygen to form higher oxidant, O·. Using N2-
saturated gas, part of H2O2 and ·OH was consumed [17] and therefore the removal velocity of PNP might 
be reduced. Thus, N2-saturated solution had the worst effect on the removal of PNP among the four 
different saturating gases. Thus, PNP degradation in the O2 or Ar saturated solution would be preferred.  
3.4. Effects of the molar ratio of H2O2 and Fe2+
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Figure 5  ln([PNP]t/[PNP]i) vs. time in minutes during US-Fenton’s               Figure 6 ln([PNP]t/[PNP]i) vs. time in minutes at three  
 reagent oxidation system at different molar ratios of H2O2 / Fe2+             different treatment process 
On the basis of above experiment, adding Fenton’s reagent (H2O2 and Fe2+) in addition to ultrasonic 
irradiation could expedite the PNP removal rate. With an increasing concentration of H2O2 and Fe2+, the 
removal rate was accelerated. Under the influence of ultrasound, the production of ⋅OH and H⋅ under a 
variety of physical and chemical conditions during sonolysis and the PNP removal rate were increased. 
As seen in Fig. 5, pseudo first-order kinetics constants at different initial H2O2 concentrations during 
US/Fenton reagent oxidation system were calculated from obtained values, 0.023 min-1 (H2O2/Fe2+=1:1) , 
0.029 min-1(H2O2/Fe2+=3:1), 0.044 min-1, (H2O2/Fe2+=5:1), 0.065 min-1(H2O2/Fe2+=10:1), 0.078min-
1(H2O2/Fe2+=15:1)  0.097 min-1 (H2O2/Fe2+=20:1) and 0.099 min-1(H2O2/Fe2+=25:1) . The value of K  
increased almost linearly with the increasing molar ratio of H2O2/Fe2+ from 1:1 to 15:1, but leveled off 
above 20:1. Under ultrasound irradiation alone, PNP was degraded via direct pyrolysis with a relatively 
slow pseudo first-order apparent rate constant of 0.012 min-1 (see Fig.6). Therefore, we selected the 
molar ratio of H2O2 /Fe2+ from 15:1 to 20:1 as the optimal experimental condition. 
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3.5. Synergetic effect 
Figure 6 showed pseudo first-order rate constants under three different treatment methods, i.e. US 
irradiation, Fenton’s reagent oxidation, and US/Fenton’s reagent oxidation with an initial PNP 
concentration of 100 mg L-1. Comparing these three processes，the phenol removal rate in US/Fenton’s 
reagent oxidation process was higher than the sum of phenol removal rates in individual US irradiation 
and Fenton’s reagent oxidation process. It was evident there was a synergistic effect in the combined 
US/Fenton process. The enhancement factor of the apparent kinetics was defined as follows to measure 
the synergistic effect of the combined US/Fenton reagent process: f=KUS/Fenton/(KUS+KFenton).Since pseudo 
first-order kinetic constants were 0.012 min-1 (US), 0.035 min-1 (Fenton), 0.097 min-1(US/Fenton), the 
factor was calculated to be f=2.06. Evidently, ultrasound-Fenton’s reagent technology would be an 
alternative for wastewater treatment.  
Acknowledgments 
We are grateful for research support from China Postdoctoral Science Foundation Funded Project
（Grant No. 20100471716）, Zhejiang Provincial Natural Science Foundation of China (Grant No. 
Y5100075). 
References  
[1] ATSDR, “Toxicological profile for nitrophenols: 2-nitrophenol and 4-nitrophenol,” Agency for Toxic Substances and 
Disease Registry, Public Health Service,1992. 
[2] Chang MW, Chen TS, Chern J M. Initial degradation rate of p-nitrophenol in aqueous solution by Fenton reaction. Industrial 
and Engineering Chemistry Research,2008,47(22), 8533–8541. 
[3] Yi S, Zhuang WQ, Wu B, et al. Biodegradation of p-nitrophenol by aerobic granules in a sequencing batch 
reactor.Environmental Science & Technology, 2006,40(7),2396–2401. 
[4] Zazo JA, Molina,CB, Casas JA, et al. Evolution of ecotoxicity upon Fenton's oxidation of phenol in water. Environmental 
Science & Technology,2007,41(20),7164–7170. 
 [5] ZhouT, Lu XH, Lim TT, et al. Degradation of chlorophenols (CPs) in an ultrasound-irradiated Fenton-like system at 
ambient circumstance: The QSPR (quantitative structure-property relationship) study. Chemical Engineering 
Journal,2010,156(2),347–352. 
 [6] Maciel R, Sant'Anna GL, Dezotti M. Phenol removal from high salinity effluents using Fenton's reagent and photo-Fenton 
reactions. Chemosphere, 2004,57(7),711–719. 
 [7] Oturan M A, Peiroten J, Chartrin P, et al. Complete destruction of p-nitrophenol in aqueous medium by electro-fenton 
method. Environmental Science & Technology,2000,34(16),3474–3479. 
[8] Lesko T, Colussi AJ, Hoffmann MR. Sonochemical decomposition of phenol:  evidence for a synergistic effect of ozone and 
ultrasound for the elimination of total organic carbon from water.Environmental Science & Technology, 2006,40(21), 6818–6823. 
 [9] Liu XY, Lin FK, Xu Z. Study on degradation of o-nitrophenol by UV/US (ultrasound) coupling process in aqueous solution. 
Journal of safety and Enviroment,2008,8(2),61–64. 
[10] Barbier PF, Petrier C. Study at 20 kHz and 500 kHz of the ultrasound-ozone advanced oxidation system: 4-nitrophenol 
degradation. Journal of Advanced Oxidation Technologies,1996,1(2),154–159. 
[11] Wu Z L, Ondruschka B, Cravotto G. Degradation of phenol under combined irradiation of microwaves and ultrasound.
Environmental Science & Technology, 2008,42(21),8083–8087. 
[12] Mijangos F, Varona F, Villota N. Changes in solution color during phenol oxidation by Fenton reagent. Environmental 
Science & Technology, 2006,40(17),5538–5543. 
152  Deming Zhao et al. / Energy Procedia 16 (2012) 146 – 152 Author name / Energy Procedia 00 (2011) 000–000  
[13] Bidga RJ. Consider Fenton’s chemistry for wastewater treatment. Chemical Engineering Progress, 1995,91(12),62–66. 
[14] Chamarro E, Marco A, Esplugas S. Use of Fenton reagent to improve organic chemical biodegradability. Water Research, 
2001,35(4),1047–1051.  
[15] Zhao DM, Zhan CC, Jin XL. Study on degradation of p-nitrophenol in aqueous solutions by ultrasound-Fenton reagent 
technology. Journal of Zhejiang University and Technology,2004,32(3),311–315, 319. 
[16] Zhao DM. Study on the treatment methods of non-biodegradable organic pollutants: chlorobenzene and fluorobenzene. 
Master Degree Thesis, Zhejiang University,2001.  
[17] Eric LM, Ronald GS, Ronald EV. The effect of ultrasound on water in the presence of dissolved gases. Canadian Journal 
of Chemistry, 1976,54(7),1114–1120. 
